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In this work we present the results of two spent nuclear fuel leaching experiments in simulated granitic
groundwater, saturated with hydrogen under various pressures. The results show a large impact of the
dissolved hydrogen already at 1 bar H2 and room temperature on the release of both the uranium and of
the fission products contained in the fuel matrix. Based on the results of this study and on published data
with fuel from the same rod, the importance of the oxidative dissolution of spent fuel under repository
conditions as compared to its non-oxidative dissolution is discussed. The XPS-spectra of the fuel surface
before the tests and after long-term leaching under hydrogen are reported and compared to reduced UO2
and SIMFUEL surfaces. The overall conclusion is that in spite of the unavoidable air contamination,
hydrogen pressures of 1 bar or higher counteract successfully the oxidative dissolution of the spent
nuclear fuel. The stability of the 4d-element metallic particles during fuel leaching under such conditions
is also discussed, based on data for their dissolution. The metallic particles are also stable under such
conditions and are not expected to release their component metals during long-term fuel leaching.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The direct disposal of spent nuclear fuel as a waste form is
currently under consideration in several countries. In most disposal
concepts for high-level waste, spent nuclear fuel will be encapsu-
lated in massive canisters made of or containing large amounts of
metallic iron. The canisters will then be placed in deep under-
ground repositories built at several hundred meters depth in
granitic, clay or salt bedrocks. In most concepts, each canister will
be surrounded by compacted bentonite clay. This arrangement
constitutes a multiple barrier system, including the engineered or
technical barrier (waste form and backfill materials) and the
geologic barrier (the host rock formation itself and its overburden).
All barriers contribute to isolate the radionuclides from the
biosphere by retardation of groundwater access and by their
retention on solid surfaces present in the repository. Additionally,
an engineered barrier may affect the geochemical environment to, Solna, Sweden.
.
r B.V. This is an open access articleprovide favourable conditions with respect to low solubilities of
radionuclides and low dissolution rates of waste forms.
The chemical form of uranium in light-water reactors (LWR) fuel
is nearly stoichiometric uranium dioxide, both before and after
irradiation, with only a small fraction of other actinides and fission
products. The higher actinides produced by capture of epithermal
neutrons are generally considered to form solid solutions with
UO2(s) [1]. The chemical state of the fission products and the
microstructure of nuclear fuel have been studied extensively [1e4]
and only a short summary is given below. Fission products which
are stable in metallic form (Mo, Ru, Pd, Tc, Rh) tend to formmetallic
alloy particles, often referred to as 4d-alloy particles or ε-particles.
Fission products which are stable as oxides, but incompatible with
the UO2 matrix (Rb, Cs, Ba, Zr, Nb, Mo, Te, Sr) separate into pre-
cipitates sometimes referred to as grey phases. The general
composition of these grey phases is ABO3, with Ba, Sr, and Cs in the
A sites and Zr, Mo, U, Pu, and lanthanides in the B sites, crystallizing
in a cubic perovskiteetype structure. Elements that form stable
oxides in solid solution with UO2 matrix include actinides: Np, Pu,
Am, Cm; lanthanides: La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Y; and Sr, Zr, Ba,
Te, Nb within the limits of their solubility in UO2 and to the extentunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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fission and activation products that form under irradiation in the
reactor may stay in the locations where they are produced, or
migrate depending on their solubility in the UO2-matrix. Fission
products that have limited solubility in the UO2-matrix usually
segregate to the grain boundaries during restructuring by thermal
diffusion.
The release of toxic and radioactive species from spent fuel in
contact with water is expected to depend mainly on the dissolution
rate of the UO2-matrix, since the great majority of radio nuclides
(>90%) are preserved in the fuel matrix [5]. Within a few years after
closure of the repository, all the oxygen present will be consumed
by reducing minerals and bacteria, resulting in oxygen free and
reducing environment [6,7]. Under these conditions UO2(s) is stable
and the release of actinides and themajority of fission products will
be controlled by its low solubility. However, the rate of dissolution
is strongly influenced by the chemical conditions. In an oxidizing
environment, the solubility of UO2 increases by several orders of
magnitude by the oxidation of U(IV) to U(VI) [8]. The groundwater
composition as well as its pH can alter the dissolution rate. Physical
features such as grain size, structure, cracks, porosity in the UO2-
matrix and the surface area in contact with water as well as tem-
perature will affect the reaction rates as well as the radionuclide
solubilities. Both, the dissolution rate of the spent fuel itself, and the
release/retention of radionuclides are expected to be governed
more by geochemical constraints encountered in the near field of
the waste package, rather than by inherent material properties of
the fuel. Conditions such as the redox potential and the pH of the
solution as well as the availability of oxidative radiolysis products
are key parameters controlling the overall alteration behavior of
spent fuel.
The spent fuel generates a complex radiation field (a, b and g)
with broad energy spectra due to the decay of unstable nuclides.
Spent fuel in contact with water will produce very reactive radicals
(OH,; H,;OOH,; eaq) and molecules (H2O2, H2, O2) due to radiolysis
of water [9]. Although oxidizing and reducing radiolytic species are
produced in equivalent amounts, the lower reactivity of the mo-
lecular reducing species (mainly hydrogen) will lead to locally
oxidizing conditions near the fuel surface. In order to understand
and model spent fuel alteration/dissolution it is necessary to
consider these oxidants in the mathematical models used to
describe the near field. The effects of a-radiolysis are considered as
dominating, both because of the much longer time periods of its
presence, and because of the short range from the fuel surface in
which the energy is deposited.
If the spent fuel comes into contact with water, the release of
actinides and most of the fission products will depend on UO2(s)
matrix dissolution and corrosion processes. Transport by ground-
water is the only credible mechanism for migration of radionu-
clides contained in the spent fuel to the biosphere. Migration is only
possible in case of a damaged canister; it is then important to
evaluate the rate of dissolution of the spent fuel matrix and the rate
of release of the various radionuclides, the so-called source term. In
this evaluation it is important to consider both the effects of
radiolytic oxidant production and the role of dissolved hydrogen
and Fe(II) ions produced by iron corrosion.
In most deep repository concepts [10,11] relatively large
amounts of dissolved hydrogen will be present during long time
periods. A major hydrogen source is the anoxic corrosion of the
massive iron containers:
3FeðsÞ þ 4H2O⇔Fe3O4ðsÞ þ 4H2ðgÞ
The equilibrium pressure of hydrogen for this reaction is very
high, of the order of several hundred atmospheres [12]. Anotherhydrogen source is a-, b- and g-radiolysis of the groundwater by the
radiation of spent fuel.
In the Swedish and Finish concepts for disposal of high level
waste, the spent nuclear fuel will be encapsulated in copper can-
isters with a massive cast-iron insert. In the case of a limited
container defect and groundwater intrusion, the anoxic corrosion
of iron gives rise to the production of hydrogen at a higher rate than
its diffusive mass transport away from the canister. The concen-
tration of dissolved H2 in the solution inside the canister is ex-
pected to quickly exceed its solubility in groundwater [13,14]. Gas
phase formation occurs when the pressure of the hydrogen equals
at least the hydrostatic pressure, around 5 MPa at 500 m depth. For
this reason, it is considered relevant to study spent fuel leaching in
the presence of hydrogen at pressures up to 5 MPa, corresponding
to dissolved H2 concentrations of ~40 mM.
At the range of temperatures expected in a repository (<100 C)
in spite of being a potential reductant, dissolved hydrogen is
kinetically hindered in the absence of catalytic surfaces [2] and is
not expected to contribute in the redox capacity of the deep
groundwaters. However, the results of several published studies in
recent years show a large impact of the presence of dissolved
hydrogen in suppressing effectively the radiolytic fuel oxidation/
dissolution process. Very low and practically constant concentra-
tions of all radionuclides were observed during more than a year-
long studies of spent fuel powder leaching in synthetic granitic
groundwaters [15,16] under 5 MPa hydrogen pressure. Decreasing
rates of radionuclide releases were observed in 5 M NaCl [17,18]
under 3.2 bar H2 with a clad fuel pellet and in synthetic granitic
groundwater under 0.5 MPa H2 with fuel powder [19]. Results of
fuel fragment leaching in simulated granitic groundwaters are
available also for high burnup fuel [20] and for MOX fuel, which has
a much higher alpha radiation field [21]. In particular, very strong
effects on reducing thematrix dissolution rates and immobilization
of important radionuclides were observed during a long-term test
of simultaneous corrosion of spent fuel fragments and metallic Fe
powder in simulated granitic groundwater under Ar atmosphere
from start [22]. A similar test in 5 M NaCl brine with a clad fuel
pellet, where a final partial pressure of 2.8 bar H2 built up in the
autoclave [23,24] indicated decreasing and low actinide concen-
trations, but also a continued slight release of Sr and Cs.
In another study [25] of spent fuel dissolution rates in solutions
saturated with hydrogen at 1 atm. by using a flow-through tech-
nique, a decrease of the dissolution rates of the spent fuel by 3e4
orders of magnitude as compared to dissolution under oxidizing
conditions was observed.
One of the objectives of this study was to confirm the results
obtained during the flow through tests under stationary conditions,
with exactly the same fuel, the same simplified groundwater
composition, hydrogen concentration and temperature as reported
in Ref. [25]. It was discussed that under 1 bar hydrogen and room
temperature it is difficult to avoid oxidized uranium in solution
[26]. The two previous fuel leaching studies at Studsvik under
5 MPa [15,16] or 0.5 MPa [21] were carried out at 70 C from start
and the temperature was lowered only towards the end of the test.
Here we started at room temperature in both autoclaves. The
presence of steel surfaces in the previous autoclave leaching ex-
periments was considered as a potential factor to affect the results
[17]. For this reason, special care was taken to avoid any contact of
the leaching solutionwithmetallic parts of the autoclave and in one
test even the gold basket used to insert the fuel was substituted by a
quartz vessel with glass filter bottom. A solution sample was
analyzed for traces of Fe(II) and they were found below the
detection limit of ICP-MS(~1 ppb), thus excluding any Fe(II) influ-
ence in the interpretation of the results.
Another aim of the present study was to test spent fuel leaching
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factors such as fuel surface area, leaching temperature and
hydrogen pressure. The radiolytic oxidants are produced continu-
ously during the several months (years) experiments and no
observable quantities of oxygen, hydrogen peroxide or oxidized
radionuclides are detected in the autoclave. In order to find out if
they cause any surface oxidation of the fuel, an investigation of the
oxidation state of the fuel surface by X-ray Photoelectron Spec-
troscopy (XPS) was carried out after the tests. This required special
care to avoid any oxidation of the fuel surface by air during auto-
clave opening and fuel grain transport to the XPS apparatus, given
the high sensitivity of the UO2 surface to traces of oxygen [27]. In
this investigation, the 4f spectrum of uranium was measured for
detecting any potential oxidation of the surface as well as before
and after the leaching of the fuel surface.
2. Experimental
Two experiments (denoted 4U6 and 5U1) were carried out in
quartz lined stainless steel autoclaves manufactured by Metro
Mesures. The volume in each autoclave was 1.2 dm3. The autoclaves
were thermostat controlled and equipped with pressure gauges,
inlet and outlet tubing for pressurizing and sampling. Both gas
samples and solution samples were collected regularly while the
experiments were ongoing. In one of the autoclaves (4U6), the
spent fuel sample (~1.8 g) was placed in a small gold net basket
with a gold net cover to avoid the escape of fuel particles into the
leaching solution. In the other autoclave (5U1) the spent fuel
sample (~2.0 g) was placed in a quartz tube with a frit filter bottom,
to avoid stationary solution in contact with the spent fuel. The
sample holders were situated in the centre of the autoclaves. The
quartz tubes for solution sampling had internal glass frit filters to
avoid escape of fines in the solution samples from the pressure
vessels. This avoids any oxidative dissolution of fines during
filtration or ultracentrifugation ex-situ. A PEEK drop collector
placed at the internal surface of the autoclave lid avoided any
contact of condensed vapor with the steel surfaces.
2.1. Fuel
The spent fuel samples in experiment 4U6 were taken from a
sieved fraction in the size interval 250e500 mm that originated
from a PWR fuel rod irradiated for 5 cycles to a calculated rod
average burnup of 41.3 MW d/kg U, which has been well charac-
terized [28,29]. The spent fuel samples in experiment 5U1 were
taken from a sieved fraction in the size interval 2e4 mm that
originated from a BWR fuel rod irradiated in the period 1972e1978
to an average rod burnup of 42 MW d/kg U [30]. The local burn-ups
(as determined by Cs-137 g-scanning and Nd-148 chemical burn-
up) were 43 MW d/kg U and 42 MW d/kg U, respectively. The
spent fuel fragments were pre-leached in a solution of the same
composition as the leaching solution under purging of Ar þ 10%
H2 þ 0,03% CO2 during 24 h in order to dissolve most of the instant
release fraction and any potential pre-oxidized layer on the fuel
fragments.
2.2. Leaching experiments
In the experiments, 950 ml leaching solution (10 mM NaCl,
2 mM NaHCO3) was introduced into each autoclave at room tem-
perature; the solutions were then purged with Ar for approxi-
mately 18 h before introducing the spent fuel samples and
pressurizing. In autoclave 4U6 (Ar þ 10.3 mol% H2) at 10 bar was
introduced and the temperature was set to 25 C. In autoclave 5U1
pure H2 at 5 bar was introduced and the temperature was set to25 C. Due to technical problemswith sampling and air leakage into
autoclave 5U1, the autoclave was re-pressurized after 17 days.
Approximately 10 ml solution samples were extracted from
each autoclave at different time intervals and analyzedwith ICP-MS
(ELAN DRCII) in three parallel samples. The solution samples were
weighed with 0.1 mg precision and the remaining solution volume
in the autoclave could thus be calculated (e.g. 843.46 ml at the end
of 4U6 test). The first sample was used for Cs-137 determination by
g-spectroscopy, while the two others for ICP-MS analysis. 15 ml
samples were used for determination of total carbonate and pH in
the beginning and at the end of the experiment. In most cases, gas
samples were collected prior to solution sampling in order to
determine the gas composition. The pressure was readjusted after
each sampling by introducing new gas in the autoclaves. After a
period of 487 days the gas composition was changed to pure H2 at
50 bar in autoclave 4U6. After further 273 days the temperaturewas
raised to 70 C. In autoclave 5U1 the temperature was raised to
70 C after a period of 432 days, the temperature was again set to
25 C after further 301 days. The pressure was set to 5 bar H2
throughout the experiment.
2.3. Analytics
The concentration of fission products and actinides were
measured with ICP-MS. All samples contained 1% HNO3 and 1 ppb
In-115 as internal standard. Measurements in the mass range
80e254 amu were carried out. Sensitivity factors for the different
elements relative to In-115 were calculated by a one-point cali-
bration using multi-element standards. Nuclide concentrations
were calculated by relating the signals to the In-115 signal. Further
details on ICP-MS analysis may be found in Ref. [25]. The detection
limit is ppt (ng dm3) and the quantification limit is ppb (mg dm3),
with an error limit ~20%. Prior to ICP-MS analysis, the Cs-137
concentration was measured with g-spectrometry. A one point
calibration was made with a 1.8 MBq (~31 ppb Cs-137) solution. All
samples were measured for 30 min.
It is customary in spent fuel dissolution studies [31,32] to report
the FIAP (Fraction of Inventory in the Aqueous Phase) for fission
products such as Cs, Sr, I and Mo. FIAP is expressed as the ratio of
the inventory of a given nuclide in the aqueous phase to that of the
inventory of the same nuclide in the solid fuel sample:
FIAP(X) ¼ (Cx AMx Vsoln)/(mfuel fHM Xfx) ¼ Ax Vsoln/(mfuel fHM Afx)
where Cx is the concentration of the radionuclide X in solution in
mol/L, AMx is its atomicmass, Vsoln is the volume of the solution (L),
including the volume of the sample taken for analysis Vs, mfuel is
the mass(g) of the fuel sample in contact with the solution, fHM is
the fractional mass of heavy metal in the fuel, Xfx is the specific
inventory of radionuclide X in solid fuel (g/(g HM)), Ax is the spe-
cific activity of the radionuclide X in solution (Bq/L) and Afx the
specific radionuclide inventory (Bq/(g HM)) in the solid.
An average fractional release rate (FRRn(X), units d1) during the
time interval between two samplings at tn days and tn-1 days may
be determined from the difference between the corresponding
cumulative fractional releases:
FRRn(X) ¼ [CumFIAPn(X) - CumFIAPn-1(X)] /(tn - tn-1)
FRRn(X) ¼ FIAPn(X) - FIAPn-1(X)(1-Vs,n-1/Vtot,n-1)
Gas samples were collected and analyzed with Gas-MS (Fisons
VG Gas Analysis System Ltd, MM8-80S, detection limit of 50 ppm)
and GAM 400 (detection limit of 1 ppm) to ensure that there were
no traces of air in the autoclaves at the beginning of the
Fig. 1. Evolution of the concentrations of actinides, lanthanides and Tc in autoclave
4U6. The concentration of U, Np, Nd, Eu, and Tc is plotted as a function of leaching time.
Spent fuel fragments: ∅ ¼ 250e500 mm. Starting conditions: PH2 ¼ 1 bar, T ¼ 25 C.
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2.4. XPS analysis
The H2 pressurized autoclave which contained the smaller
particles (4U6) was moved to an Ar-glove box by taking away its
back side and placing it back after autoclave insertion. After
allowing enough time to pass until all traces of oxygen introduced
with autoclave insertion disappeared, with the help of the Cu-
catalyst, the autoclave was opened inside the glove box and a few
fuel fragments were taken out from the gold basket. The fragments
were immediately dried under a halogen lamp in order to avoid
oxidation of the surface due to radiolytically formed H2O2 and O2.
One of the fragments was washed with Milli-Q water to get rid of
possible salt deposits from the leaching solution and the fuel
fragment was once again dried under the halogen lamp. One
reference fuel fragment that had not been in the autoclave but
originated from the same fuel and sieving batch (blank sample
referred to as particle 1), one leached and washed fuel fragment
(particle 2) and one leached but unwashed fuel fragment (particle
3) were prepared onto an indium foil, which was mounted on a
sample holder for XPS analyses. The vacuum transfer vessel (PHI,
model 04e110) containing the sample holder was placed inside an
additional gas tight container in order to avoid intrusion of air
traces (read O2) to the three fuel fragments during transport. The
fuel fragments were introduced into the UHV of the XPS (Physical
Electronics Inc. (PHI), model 5600ci) avoiding any air contact.
The spectrometer was equipped with a monochromatic Al Ka X-
ray source (hn ¼ 1486.7 eV). The monochromator was double
focusing with a spot size on the sample of approximately Ø 0.8 mm.
Thus, by use of the monochromator, subsequent analyses at several
spots or samples were possible without irradiating the whole
sample holder.
Survey scans were recorded with an X-ray source power of
200Wand pass energy of 187.85 eV of the analyser. Narrow scans of
the elemental lines were recorded at 11.75 eV and 23.5 eV pass
energy which yields an energy resolution of 0.60 eV and 0.73 eV
FWHM respectively at the Ag 3d5/2 elemental line of pure silver.
Calibration of the binding energy scale of the spectrometer was
performed using well-established binding energies of elemental
lines of pure metals (Cu 2p3/2 at 932.62 eV, Au 4f7/2 at 83.96 eV)
[33]. Errors in binding energies are typically ±0.1 eV for metals and
±0.2 eV for isolators. The samples were conductive with O 1s
elemental line of oxide at 530.2 eV binding energy. Data analysis
was performed using PHI MultiPak program. Secondary electron
images were recorded by use of the electron gun (10 kV) of the
Auger option.
3. Results and discussion
In this section the results of the analysis of the fuel leaching
behaviour in both autoclaves are presented. In the first part the
evolution of the concentrations of actinides, lanthanides and Tc
with time is discussed, coupled with the potential fate of the mo-
lecular radiolytic oxidants. In the second part, the release of non-
redox sensitive radionuclides such as Cs and Sr is discussed
through their FIAP (Fraction of Inventory in the Aqueous Phase) and
FRR (Fractional Release Rate). In both parts the data are compared
with similar tests published before and discussed.
3.1. Results of the spent fuel leaching under 1 bar H2-Autoclave 4U6
3.1.1. Actinides, lanthanides and Tc
The interpretation of the data on spent fuel leaching is usually
based on the measured concentrations of the radionuclidesreleased from the solid fuel at different sampling times during the
duration of the test. The results of the evolution of the ICP-MS
measured concentrations for a few actinides, lanthanides, and
99Tc with time during the leaching of spent nuclear fuel fragments
(∅ 0,25e0.5 mm) in 10 mM NaHCO3 and 2 mM NaCl under starting
conditions 25 C and 1 bar H2 (experiment 4U6) are presented in
Fig. 1.
As noted in Fig. 1, the concentration of U, which is the main
component of the fuel matrix, decreases steadily from start, and a
similar behaviour is noted for Np. This is in fact quite an unexpected
result, because what happens usually during fuel leaching in car-
bonate solutions in absence of added hydrogen is that the con-
centration of U increases quickly due to the oxidation of the fuel
surface by the radiolytic oxidants and new amounts of soluble
uranyl (U(VI)) compounds are produced from the oxidation of the
U(IV) of the fuel matrix. In our case a decrease of the concentrations
of uranium in solution from ~3  107 M at start to ~2  109 M
after 487 days is observed. A similar behaviour has been observed
in several other fuel leaching tests under hydrogen atmosphere
[16e21]. This indicates that uranyl carbonate species, originating
from a pre-oxidized layer in the fuel, are reduced and precipitated
as UO2 (am). Alternative explanations, such as e.g. precipitation of
any U(VI) solid can be ruled out, based on the following reasoning.
Sometimes it is discussed that, since the radiolysis continues to
produce oxidants all the time, maybe some precipitate of U(VI)
compounds forms on the fuel surface and this is difficult to detect,
because the fuel surface not always is investigated with surface
sensitive techniques, as done in these tests. During the long dura-
tion of fuel tests (several months to years), we view it as impossible
that any potential U(VI) solid formed does not equilibrate with the
solution, i.e. does not release U(VI) in solution corresponding to its
solubility product. The U(VI) solid expected to form under the
present conditions is schoepite (uranyl hydroxide), having almost a
103 M solubility under our conditions, i.e. the total uranium con-
centrations in solutionwould be almost one million times higher in
its presence. In general, U(VI) solids are much more soluble than
UO2(s). Among the most insoluble U(VI) solids expected to form
during fuel leaching tests are Ca-uranyl-silicates, such as urano-
phane [34], which still has a solubility about two orders of
magnitude higher than UO2(s) at near neutral pH. We have not
introduced Ca in our solutions, and the corresponding Na com-
pounds are more soluble.
E. Ekeroth et al. / Journal of Nuclear Materials 531 (2020) 151981 5During leaching under aerated conditions in distilled water,
uranyl peroxide solids such as studtite andmeta-studtite have been
reported to form both during leaching of spent fuel [35e37] and
UO2 irradiated with accelerator a-particles [38], or simply by add-
ing hydrogen peroxide to UO2(s) [39e41]. However, in the presence
of carbonate in the leaching solution both in the case of spent fuel
[36] and UO2(s) [40], studtite or metastudtite was not observed,
probably due to the high stability of the uranyl carbonate com-
plexes, which decrease very much the concentration of free uranyl
ions in solution. Further, the very low concentrations of uranium
measured at longer times in our test indicate that uranium is
mainly present as U(IV). This would not be possible if traces of
hydrogen peroxide existed in the solution, given its very fast re-
action with U(IV) at the pH of our solutions [42,43].
The pre-oxidized layer contributes also to the initial increased
releases of 90Sr, 137Cs and 100Mo, as discussed later. Carbonate forms
strong complexes with uranyl ions under our experimental condi-
tions; the predominating U(VI)-species are UO2(CO3)22 and
UO2(CO3)34 [8]. Despite the pre-leaching of the fuel fragments,
there is still a pre-oxidized surface layer, as can be judged from the
starting concentration of [U] ~ 3  107 M.
It should be kept inmind that this reductive precipitation occurs
in the presence of the very strong radiation field of the spent fuel a
few years after discharge, composed of a high a-field (dose rates of
the order of 1500 Gy/h) affecting a 30e40 mmwater layer near the
surface and a b-field with ranges up to 1 mm in water, while the g-
field affects the whole volume of the test solution.
Dissolved H2 acts through a well-known mechanism for radical
rich (low LET) b- and g-radiation in homogeneous solutions, by
scavenging the oxidizing OH-radical [44,45]:
H2þOH ¼ H2O þ H k ¼ 4 107L mol1s1
This interaction converts the strongly oxidizing OH-radical into
water and the reducing H-radical (atomic hydrogen), causing thus a
general decrease of the concentrations of the oxidizing radical and
molecular species. In any case, given that the molecular oxidizing
species (H2O2 and O2) are very active towards e.g. U(IV) in solution
or in the solid phase, while the reducing molecular species (H2) is
considered inert at low temperatures, the radiolytic modelling of
the whole system predicts only a slower oxidation of the fuel ma-
trix [46] if one does not consider any effect of the fuel surface.
Usually not all of the H2O2 produced near the spent fuel, mainly
by a-radiolysis, reacts with its surface: a part diffuses away and the
same holds for molecular oxygen. It has been shown lately in ex-
periments with SIMFUEL [47] that more than 99% of the added
H2O2 was decomposed catalytically at the fuel surface into water
and oxygen. Similar experiments with SIMFUEL and added H2O2,
but in the presence of 10 bar D2 [48] showed that a large part of the
peroxide reacted with D2 to give water, another large part was
decomposed to water and oxygen and only less than 0.02% of the
peroxide produced U(VI).
Direct measurements of the O2 will be described later in section
3c. However tests of spent fuel leaching in the presence of
0.8e43 mM dissolved H2 [18e22,49] indicate oxygen levels below
the detection limit (less than 107-108 M). Another indication that
the levels of molecular radiolytic oxidants are extremely low comes
from the low U concentrations (below 108.5 M), indicating ura-
nium presence mainly in the tetravalent state. It is well known that
U(IV) in solution is stable only for extremely low O2 fugacities [50],
due to its very fast reaction with O2 at room temperature [51,52]. It
is generally accepted that H2 does not react with H2O2 and O2 at
room temperature, thus the extremely low concentrations of mo-
lecular radiolytic products observed under these tests are mainly
due to surface-mediated processes.After 487 days the U concentration has decreased to
~2  109 M, the same levels as in previous studies under H2 at-
mosphere [16,19]. This behaviour is typical for all tests carried out
under hydrogen concentrations >1 mM [53]. These low concen-
trations of U in the leaching solutions are in good agreement with
the solubility of UO2(am) [8].
The solid state chemistry of U(IV) is much simpler than that of
U(VI): besides UO2(s), only coffinite USiO4(s) is known to form
under hydrothermal conditions and then only at relatively high
silicate concentrations.
The evolution of the concentrations of U, Tc, Np decreasing
during the whole test seems to rule out any oxidative dissolution of
the fuel. It is highly probable that the reduced Np(V) as Np(IV)-
oxide co-precipitates with U(IV)-oxide. This is because the re-
ported solubility of NpO2(s) [8,54] is ~3  109 M, quite similar to
this of amorphous UO2 [8], while Np concentrations in solution are
about three orders of magnitude lower than those of uranium, in
line with the roughly 1000 times lower Np inventory in the spent
fuel. This indicates a potential co-precipitation of NpO2(s) with
UO2(s) as reported in the literature [55]. Also the initial (~100 days)
concentration decreases for Nd and Tc may be due to co-
precipitation-sorption processes of these nuclides to the newly
formed solid phases. In any case, the total concentrations of the
lanthanides are extremely low. They do not seem to correspond to
the equilibrium concentrations of any lanthanide solid phases
which could form in our solutions.
The reduction rate of U is considerably slower as compared with
previous studies [18,19] at 70 C and higher partial pressures, as will
be discussed later.
After running the test for 487 days and 25 C, only small changes
are observed in the measured concentrations between 300 and 487
days. The gas atmosphere was changed to pure H2 and the pressure
was increased to 50 bar. We had already data for this H2 concen-
tration [18], but at higher temperature. Except for a slight increase
of some redox sensitive radionuclide concentrations due to the
unavoidable air contamination, the steady state values did not
differ considerably from those at 1 bar.
However there was considerable pressure loss during this
period: it seems that the packing made of Viton leaked more under
the effect of age and radiation and the leakage became even worse
later when the temperature was raised to 70 C.
3.1.2. Release of non-redox sensitive fission products such as Cs and
Sr
Most of the previous experience is based on fuel leaching tests
carried out in the presence of air and accompanied with substantial
U(VI) releases, with the potential formation of a variety of U(VI)
secondary phases, depending on the composition of the leaching
solution. For this reason it was unreliable to analyse fuel dissolution
using uranium releases and methods to evaluate fuel dissolution
based on the release of fission products such as Sr were elaborated
[31,32]. Usually the analysis of fuel dissolution is based on the
evolution of FIAP (Fraction of Inventory in the Aqueous Phase) with
time, shown in Fig. 2 for autoclave 4U6.
We have included also Cs andMo, given that Mo is released from
fuel as molybdate (MoO42), which seems kinetically stable under our
conditions (see also the quite constant Mo levels in Fig. 4). For the
first time in these experiments we observed measurable levels of
mass 90 in the leaching solution (10 mM NaCl and 2 mM NaHCO3)
before introducing the fuel sample, which apparently are due to
90Zr released from the glass liner in the autoclave or some other
source of 90Zr contamination. They were relatively low and do not
seem to have affected much the FIAP analysis for 90Sr in this test,
while the situation is different for the 5U1 autoclave, see further.
Nowadays one can analyse these isobars at Studsvik with the
Fig. 2. Autoclave 4U6. FIAP of Cs measured by g-spectrometry, (Sr þ Zr) and Mo is
plotted as a function of leaching time. Starting conditions: pH2 ¼ 1 bar, T ¼ 25 C.
E. Ekeroth et al. / Journal of Nuclear Materials 531 (2020) 1519816collision chamber ICP-MS, but this was not possible when these
tests were carried out. We have used 137Cs data as measured by g-
spectrometry here and in other FIAP plots as more reliable, instead
of those measured by ICP-MS, based on previous experience at
Studsvik [56].
As seen from Fig. 2, a clear increase of the FIAP is noted
immediately after start, due to the dissolution of the pre-oxidized
layer. This conclusion is supported by the increase of FIAP of all
fuel components, including typical matrix bound fission products
or actinides. The FIAP levels in Fig. 2 become stable with time,
showing that no further release from the fuel matrix occurs. In the
case of fuel leaching under oxidizing conditions, sometimes the
slope of the FIAP evolution with time is used to estimate the fuel
dissolution rate [31,49]. In fuel leaching studies with hydrogen
present, it seems that this method cannot be used.
A better analysis of the releases during the leaching is obtained
using the Fractional Release Rates (FRR) for a time interval between
two samplings, since the volume of the solution sampled is
accounted for in the calculation of the FRR(t). In Fig. 3, the Frac-
tional Release Rates (FRR(t) ¼ FIAP/day) for Cs, (Sr þ Zr) and MoFig. 3. Fractional release rates at each interval for Cs, Sr and Mo during autoclave 4U6
leaching. Note the several negative values obtained after ~100 days and the general
decreasing trend during the first 350 days.show a systematic decreasing trend with time during the first year
of leaching.
The analysis of these data shows also that one never observes
very low fractional release rates of the order of 109 FIAP/day. The
positive FRR data are of the order of 105 to 107 FIAP/day but in
many alternate intervals they become negative. This is mainly due
to the fact that we have a small amount of fuel with relatively high
surface area and low fractional release rates are usually obtained
with large fuel samples of low surface area. Thus potential errors in
solution volumes and especially the 20% error in the ppb or sub-
ppb concentrations of most nuclides cause quite large errors in
the calculated FRR data and they are discussed only qualitatively
here.
In spite of this, both the decreasing trend of the FRR(t) during
the first year for all three nuclides analyzed and the many intervals
with negative FRR(t) are in line with the behavior of U and other
nuclides discussed in section 3a1.
The use of 90Sr as an indicator of the matrix dissolution under
the conditions of our autoclave may be affected by the fact that the
total amount of 90Sr released during the whole leaching period
corresponds to less than the amount of Sr contained in a monolayer
of fuel surface [19,49]. The analysis of Sr releases is a well-
established method for the oxidative dissolution of fuel, where
several layers of matrix are altered during the period inwhich rates
are analyzed. The effect of the hydrogen pressure and temperature
on Sr releases may have different explanations, but it seems that
under these conditions the FRR(t) of Sr are rather high especially at
the beginning. They are lower towards the end of the leaching,
especially at 50 bar and when lowering the temperature to 25 C.
Therefore it seems not probable that they are coupled to an
oxidation-dissolution of UO2. These Sr releases are probably due to
the dissolution of Sr-containing perovskite type phases in grain
boundaries or matrix surface reduction making Sr more easily
released from the solid [57]. Both these phenomena are expected to
contribute to a Sr release limited in time, and this is supported by
the data on the continuation of the leaching at 50 bar after adding
new solution to the autoclave containing the same fuel sample.
These data were reported in Ref. [58], where the term “hydrogen
memory” was used for the first time. In this case the releases of
both Cs and Sr decrease with time and it seems that the fuel is not
releasing any more Sr since too many negative FRR(t) values were
obtained, even under Ar atmosphere [49,58].
Another interesting observation concerning Sr and Cs releases
during fuel leaching in presence of hydrogen (added or produced in
the autoclave by Fe(s) corrosion) comes from a series of experi-
ments carried out at INE, Karlsruhe [16,17,23,24,49,59]. When the
fuel sample was a whole fuel pellet together with cladding, a
contradictory behavior of the actinides and redox sensitive ele-
ments as compared to Sr and Cs releases was observed both during
leaching in presence of 8 g metallic Fe powder and with 3 bar
hydrogen overpressure. The concentrations of U, Np, Tc and other
redox sensitive nuclides decreased with time, approaching levels
corresponding to the solubility of their tetravalent oxides. At the
same time, a measurable increase of both Sr and Cs levels was
observed. This was not the case in tests carried out under similar
conditions in other laboratories, but with fuel fragments or fuel
powder [15,16,19e22]. The same holds for a fuel slice leaching
carried out later at INE [59], where a concordant behavior of the
redox sensitive element behavior and Sr and Cs releases was
observed. We consider possible that the continuous Sr and Cs re-
leases in the case of the leaching of the high burn-up fuel pellet
together with cladding originated very probably from the closed
gap of the pellet, which may take years to get completely wetted
[56] and in the process releases considerable amounts of Sr and Cs.
As discussed before, the pressure was raised to 50 bar after 487
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There was considerable pressure loss during this period due to the
effect of aging and radiation on the packing made of Viton and
leakage became evenworse later when the temperature was raised
to 70 C. The air leakage is quite visible in the increase of the release
rates during the last interval, contrary to the previous behaviour
with alternating negative releases.
3.2. Release of radionuclides from 4d-metallic particles
Usually the radionuclides contained in the 4d metallic particles
or ε-particles are discussed as potential contributors to the Instant
Release Fraction (IRF), because they are present inside the grains,
but mainly at the grain boundaries, thus outside of the fuel matrix.
In all the tests carried out with spent fuel dissolution in the pres-
ence of hydrogen, the behaviour of fission products contained in
the 4d-particles or ε-particles has never been reported. We
considered doing this for those experiments, and in Fig. 4 the
evolution with time of the concentrations of a few radionuclides
expected to be contained mainly in the metallic particles is
presented.
As seen from the figure, the concentrations of the radionuclides
contained in the metallic particles andMo, which is present both in
the matrix and in ε-particles, remain quite low and constant during
the whole leaching period. There seems to be a slight increasing
trend up to ~500 days for most of them, but afterwards follows a
slight decrease and the whole variation is in a very narrow con-
centration interval, e.g. 1  1010 - 5  1010 M, so they remain
practically constant during the more than 2 year long leaching
experiments.
The concentrations of all the other isotopes (except Mo, which is
higher) are stable in the interval 1  1010 - 5  109 M. In spite of
the paucity of the chemical data for these noble metals, these
steady state concentrations are lower than the expected solubilities
of their corresponding oxides [60]. Thus the concentrations of Pd in
equilibrium with PdO2(s) would be ~3  106 M while those in
equilibrium with Pd(s) < 1015 M. In a comparison of the concen-
trations of silver in groundwaters to the much lower ones resulting
from equilibrium calculations with metallic silver under reducing
conditions (less than 1013 M for Eh¼ 0.2 V in 0.1M NaCl solution
at 25 C), it was proposed that this was due to the absence of the
equilibrium between metallic silver and dissolved atomic silver
Ag(aq) in the thermodynamic databases [61]. Two experimental
studies [62,63] which have investigated this equilibrium have
determined constants that would result in silver concentrationsFig. 4. Evolution of the concentrations of a few radionuclides contained in the
ε-particles with time during fuel leaching under 1 bar H2.~6  109 M respectively ~3  107 M under reducing conditions.
We were not able to find any corresponding data for Pd(aq), Rh(aq)
or other components of the metallic particles in the literature and
we can only report the measured concentrations in solution when
metallic particles contact the solution for more than 2 years. These
concentrations are orders of magnitude higher than those calcu-
lated from equilibrium with the corresponding metal under
reducing conditions and much lower than those calculated in
equilibrium with the corresponding oxide, but we have no basis to
dismiss or confirm the hypothesis of dissolved metal atoms in
solution.
During the leaching of synthetic metallic particles in air, Cui
et al. [64] noted higher releases of the less noble metals, and the
leach rates under oxidizing conditions followed themetal oxidation
potentials, with releases decreasing in the order
Mo > Tc > Ru ~ Rh ~ Pd. Similar results as in our tests were obtained
with metallic particles extracted from spent fuel in the presence of
0.1 bar H2 [65], with Mo concentrations dropping to sub-ppb levels
in the presence of hydrogen. Albinsson et al. [66] report also con-
stant Ru concentrations during spent fuel leaching in presence of
hydrogen at the same concentration interval as in our test.
For this reason, the content of these isotopes is expected to
remain practically unchanged in the metallic particles during the
long periods of time in the repository and these isotopes can be
accounted for in the criticality calculations even for long term fuel
evolution.
A potential corroding agent for metallic epsilon particles in
spent fuel is the sulphide or the arsenic of deep groundwaters,
giving rise to the very insoluble metal sulphides or arsenides at the
surface of metallic particles exposed to groundwater, as shown by
natural analogue studies [67].
3.3. Redox conditions in the autoclave and air leakage
In Fig. 5, the concentration of O2 and N2 is plotted as a function
of leaching time for autoclave 4U6. There are almost no measurable
levels of O2 during the first 487 days, indicating that the intruded
O2 (as judged from the increasing N2 levels) must react and be
consumed in the leaching solution or at the fuel matrix surface.
However, there are no signs that thematrix has dissolvedmarkedly,
as in such a case the concentration of congruently dissolved species
such as Sr and Cs would increase proportionally. The rate of U(VI)
reduction may be affected by the influx of O2, becoming slowerFig. 5. Results of gas analysis in autoclave 4U6; levels of N2 and O2 as a function of
time.
Fig. 7. Comparison of the U 4f spectra of the three samples (raw data). Al Ka mono-
chromator. X-ray source power: 100 W, pass energy 23.5 eV.
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This means that the very low U and other concentrations were
measured in presence of measurable air contamination, as can be
seen from Fig. 5.
The gas sample on day 760 showed increased levels of O2, see
Fig. 5, after the gas change to 50 bar H2. The gas pressure had
decreased to 38.2 bar at the time of sampling. The leakage does not
seem to influence the system significantly, the concentration of U
remains at 109 M.
Anyhow, the concentrations of Tc would indicate a slight in-
crease after the initial decrease and this may be due to its higher
sensitivity to oxygen traces. This seems not to be the case for
autoclave 5U1, where Tc concentrations decrease all the time, in
spite of an apparently larger air leakage. The gas sampling indicates
further air leakage into the autoclave, equivalent to the air intrusion
at day 452, see Fig. 5. The gas pressure had decreased to 40.1 bar at
the time for taking the last sample before finalizing the experiment.
An attempt to determine H2O2 concentrations as the experi-
ment was completed showed concentrations below the detection
limit (~107 M). Albinson et al. [66] have shown that precipitation
of reduced U from the pre-oxidized layer occurs on the spent fuel
surface itself. To confirm these studies, the quartz beaker was
stripped with concentrated HNO3 when the experiment was
finished in order to do amass balance of the leached nuclides. Since
fuel fragments had escaped from the gold basket into the solution, a
proper mass balance was not possible in our case.Fig. 8. Narrow scans of U 4f spectra of particle 2 and of a UO2 pellet fracture scaled to
similar intensity. A certified UO2 pellet sample (IRMM No. CBNM) was fractured in the
UHV of the XPS. Both spectra are measured by Al Ka mono excitation at same pass
energy (11.75 eV).3.4. XPS surface analysis
Fig. 6 shows the scanning electron images of the three analyzed
particles (#1, #2 and #3, see Experimental part for their pre-
treatment). The surfaces of the samples appear free of secondary
phases [68] and the grain boundaries exhibit no clear corrosion
attack. Loose particles may have been washed off from the surface
during preparation.
The XPS analyses show that the surface of the reference frag-
ment (particle 1) contains predominantly uranium in the U(VI)
state (Fig. 7). The U 4f spectra of leached fragments in the autoclave
(particles 2 and 3) are almost identical and similar to pure UO2
surfaces produced through breaking a virgin UO2 pellet in the XPS
apparatus under vacuum and measured with the X-ray mono-
chromator at the same parameters (Fig. 8). The narrow scans of the
U 4f elemental lines show U 4f7/2 at a binding energy of 380.1 eV
and satellites with a spacing of 6.9 eV to the main lines, charac-
teristic for UO2 [69,70] (see Fig. 8).
The satellites of the U 4f lines of particles 2 and 3 are at the same
position as the satellites of the U 4f spectrum of UO2 but their in-
tensity is slightly less, see Fig. 8. The results from XPS are in
accordance with the leaching results. Fig. 1 shows U concentrations
that derive from initial dissolution of the pre-oxidized surface layerFig. 6. Secondary electron images of the partiwhich corresponds to the XPS data of the reference fragment
(particle 1).
The difference in the XPS spectra of spent fuel particles withcles (#1, #2 and #3) from autoclave 4U6.
Fig. 9. Narrow scans of the binding energy range of Cs 3d5/2 elemental line. At the
spectrum of particle 1, smoothed data are superposed as dotted line to guide the eye.
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cations in the spent fuel. This becomes clearer by comparing with
published XPS SIMFUEL spectra [71,72]. Santos et al. [71] fit the
spectra of reduced SIMFUEL surfaces with a ~21% contribution of
U(V) and ~11% contribution of U(VI), which is quite similar to our
spectra for particles 2 and 3. In a series of publications, Prieur et al.
[73e76] have used X-ray Absorption Spectroscopy in the High-
Energy-Resolution Fluorescence-Detection mode (XAS-HERFD)
and other spectroscopic methods to investigate La(III) or Am(III)
doped UO2. They conclude that during the substitution of U(IV)
with La(III) or Am(III), the UO2 fluorite structure compensates the
incorporation of the aliovalent cation by the formation of U(V) in
quasi equi-molar proportions.
The last sampling in autoclave 4U6 shows intrusion of air into
the autoclave, resulting in increased levels of U and other radio-
nuclides. However, the XPS analysis displays the presence of U(IV)
on the surface of the leached fragments indicating that carbonate
has effectively dissolved any U(VI) formed on the surface.
The role of carbonate in enhancing the dissolution rate of UO2(s)
and spent fuel, or in complexing the U(VI) in the surface and
releasing it in solution has been discussed in several publications [5
and references therein]. However, the only quantitative XPS results
on UO2 leached in bicarbonate solutions of different concentrations
are those of de Pablo et al. In the first publication [77] they report
UO2,05 at the surface during static leaching of UO2 in the presence of
10 mM NaHCO3, while a clean UO2.0 surface is reported in experi-
ments where the highest bicarbonate concentration was 50 mM
[78]. The XPS analysis of an alpha doped UO2 pellet leached in a
solution with the same composition as ours and variable hydrogen
concentration [79] reported UO2.0, i.e. a completely reduced
surface.
In a previous study [53] it was observed that towards the end of
the leaching period under 5 bar H2, the FRR(Cs) are consistently
negative, while the releases of Sr continue much longer. The XPS
analysis here also shows that Cs exists on the reference fragment,
but cannot be found on the fragments leached in the autoclave. One
potential explanation could be that the leached fuel surface has
been depleted of Cs, alternatively the fuel surface is covered with
precipitated amorphous UO2. An estimation of the thickness of this
UO2(s) layer assuming the precipitation of 65 mg UO2(s) in autoclave
4U6, with density 10.5 g/cm3 on the surface of 2 g fuel powder with
a BET surface ~300 cm2/g results in a uniform layer of ~0.1 nm,which attenuates the Cs 3d electrons by a factor of ~0.9 only.
As can be noted from Fig. 7, the XPS results show that the initial
uranium derives from a pre-oxidized surface layer (particle #1). Cs
was also found on particle #1 at trace level. The information depth
(95% of signal) of the Cs 3d5/2 elemental line in UO2 is 2.2 nm,
calculated by the CS2 equation of Cumpson and Seah [80] taking in
account a photoelectron take-off angle of 45.
On the other hand, the U 4f spectra recorded at surface of
leached fragments (particle #2 and #3) are almost identical to pure
UO2. No Cs could be detected by XPS, see Fig. 9.
3.5. Oxidative versus non-oxidative fuel dissolution: importance for
the repository
The results of the fuel leaching at room temperature at 1 bar H2
are particularly important while discussing the redox conditions
during the same type of spent fuel sample leached under flow-
through conditions with the same solution under 1 bar H2 [25].
The actual data which show very low U concentrations are in
excellent agreement with NEA-TDB data on UO2 solubility [8]. The
lack of oxidized U on the fuel surface confirms the conclusion of
R€ollin et al. [25] that the dissolution rates measured under 1 bar H2
with the same fuel and solution composition correspond to non-
oxidative dissolution of U(IV), i.e. release of U(IV) from the solid
in the under-saturated solution. In fact the presence of U(VI) in
solution can be excluded for the final points from the measured
total uranium concentrations corresponding to the solubility of
UO2(am) in spite of air contamination. Thus the dissolution rates
measured under 1 bar hydrogen correspond to the non-oxidative
dissolution of the fuel matrix. Even though these dissolution rates
are 3-4 orders of magnitude lower than during leaching in presence
of air, they are still high when applied to a repository. It should be
kept in mind that the rate of non-oxidative dissolution of UO2(s) is
completely irrelevant for calculating fuel dissolution for repository
purposes. Thus if the 0.5 g fuel used in the flow reactor in Ref. [25]
would be part of the 2.7 ton fuel in a damaged copper canister
placed in a repository, in order to keep the solution under-saturated
and obtain the dissolution rates as measured in the reactor, flow
rates of the order of 6.5 m3/h should flow through the canister in
order to correspond to the lowest flows (0.02 ml/min) used in the
experimental test. This result is modified only slightly when
considering details of the geometry of the reactor and of the
canister: experimental reactor volume ¼ 5 107 m3, SAfuel ¼ 1.5
102 m2, SA/V¼ 3104 m1; fuel canister void volume 1m3, 2.7 106 g
fuel with 0.0036 m2/g results in SAfuel ¼ 9.72 103 m2 or SA/
V ¼ 9,72 103 m1. Thus the SA/V value for the canister in repository
is ~3 times lower than this in the experimental reactor, reducing the
equivalent flow corresponding to the lowest flow in reactor to
2.2 m3/h.
Such flows are unrealistic in a repository: the highest expected
flows in a granitic repository through a deposition hole are of the
order of 0.3 m3/year [81]. From this it follows that the contribution
of the non-oxidative dissolution of the fuel is negligible in the
safety assessment, given that the solution in a damaged canister
becomes quickly saturated with U(IV). As stated in the final report
of an EUproject, evenwith an extremely unrealistic highwater flow
of 1 L s1 per ton of uranium (7.2 m3/h for a canister with 2 ton U)
and a specific surface area of fuel of 0.0036 m2 g1, the solubility
limit of U(IV) is achieved rapidly and U release from the fuel is
solubility and not rate controlled [82].
4. Leaching of fuel fragments under 5 bar H2-Autoclave 5U1
The same order is followed in the discussion of the results for
autoclave 5U1, but this discussion is much shorter for the following
Fig. 11. Autoclave 5U1. FIAP of Cs analyzed by g-spectroscopy, (Sr þ Zr) and Mo is
plotted as a function of leaching time. Spent fuel fragments (∅ ¼ 2e4 mm). Starting
conditions: PH2 ¼ 5 bar, T ¼ 25 C.
Fig. 12. Autoclave 5U1. FRR(t) (FIAP/day) for Cs measured by g-spectrometry, Sr and
Mo. Negative values of FRR for a given interval are plotted on the x-axis.
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solution (originating from glass leaching or some impurity from an
un-identified other source), making practically useless all 90Sr ICP-
MS measurements. The Viton packings of this autoclave behave
somehow worse than these of 4U6, as can be judged from the
increasing nitrogen levels in the gas phase from Fig. 13.
In Fig. 10, the evolution with time of the concentrations of some
actinides, lanthanides and Tc in experiment 5U1 are presented. This
autoclave was pressurized with 5 bar H2 and larger fragments
(originating from a different fuel pin) were leached under similar
conditions as for 4U6. As can be seen, despite a washing step, there
is still a pre-oxidized layer dissolved, resulting in a starting con-
centration of U ~106 M, almost an order of magnitude higher than
in 4U6 case. The decrease of U levels is much slower than in the
other test, indicating that the fuel surface area is a much more
important factor for this process than the concentration of dis-
solved hydrogen (which is about 5 times higher here).
The decrease of the U levels is accompanied by a small but
consistent decrease of the levels of Np, Tc and lanthanides. As in the
case of autoclave 4U6, the most plausible explanation for the
decrease of the levels of Np much lower than the solubility of
NpO2(s) is its potential co-precipitationwith UO2(s). In this test this
seems to be the case also for TcO2(s), in spite of the measurable air
contamination (Fig. 13).
The lanthanides at such low concentration levels are mainly
sorbed in the newly formed solid surfaces, because their concen-
trations increase almost to the initial levels when the temperature
is raised to 70 C and sorption probably decreases. This is not the
case for Np or Tc, indicating another type of scavengingmechanism,
i.e. co-precipitation with UO2.
The evolution of the FIAP values for Cs, Mo and Sr is presented in
Fig.11. In this case a quite strong signal for mass 90was found in the
initial leaching solution in absence of fuel (shown by the horizontal
dotted line in Fig. 11), which explains the erratic behaviour of Sr
data during the first 100 days, where its concentrations in solution
decrease. No Sr compound is expected to precipitate at such low Sr
levels, thus the decrease of 90(SrþZr) at start is probably due to
sorption of 90Zr from the solution to fuel and basket surfaces
introduced in the autoclave at test start.
In any case, even during this test the FIAP levels of Cs andMo are
quite constant and the Fractional Release Rates FRR(t) shown in
Fig. 12 are quite high at start, but after about 100 days start dis-
playing alternate negative values even for Cs and Mo. Considering
the relatively high air leakage observed during the whole durationFig. 10. Autoclave 5U1. The concentration of U, Tc, Nd, Eu and Np is plotted as a
function of leaching time. Spent fuel fragments (∅ ¼ 2e4 mm). Starting conditions:
PH2 ¼ 5 bar, T ¼ 25 C.of this test as judged by the continuously increasing nitrogen levels
(Fig. 13), these results indicate an extremely powerful reducing
system, composed of the spent fuel surface in the presence of
dissolved hydrogen. As seen from Fig-12, after ~600 days there are
no more negative FRR values plotted at the x-axis, indicating that
during this last period the leaching continued under oxidizing
conditions, as confirmed by the measurable oxygen levels at ~730
days, see Fig. 13.
5. Uranium reduction rate
The evolution of uranium concentrations with time in the two
autoclaves used in these experiments are plotted in Fig. 14 together
with the extensive data for uranium reduction from Ref. [19]. As
seen from Fig. 14, the reduction rate of U is substantially slower in
experiment 5U2 as compared to experiment 4U6, despite the
higher H2 pressure. The main reason for this seems to be that the
surface area of fuel in autoclave 4U6 is much larger than that of the
fuel in autoclave 5U2 because a much finer particle size is used in
4U6 and the fuel mass is quite similar. The studies carried out byM.
Jonsson’s group have shown that the reaction between H2O2 and H2
Fig. 13. Autoclave 5U1. Gas phase composition plotted as a function of leaching time.
Spent fuel fragments (∅ ¼ 2e4 mm).
Fig. 14. Evolution of uranium concentrations in some autoclave tests.
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the range 1e40 bar [83]. The reaction between H2 and the uranyl
ions UO22þ is also catalysed by Pd and is independent of the H2
pressure in the range 1.5e40 bar [84]. Thus it seems that as long as
the hydrogen concentration is above a certain limit, the con-
sumption of the radiolytic oxidants such as H2O2 and the reduction
of U(VI) are independent of the partial pressure of hydrogen for
hydrogen pressures higher than 1 bar.
On the other hand, both fuel surface area and the temperature
seem to have a large impact on the rate of reduction of U(VI) in this
kind of experiments. In Table 1 the first order rate constant for the
reduction of U(VI) in the initial period of the four tests plotted in
Fig. 14 is reported.
The influence of temperature is seen clearly in Table 1 whenTable 1
First order rate constants for the reduction rate of uranyl in the various tests.
k[U(VI)] (h1) mfuel z 2 g
Size ¼ 0.25e0.5 mm Size ¼ 2e4 mm
pH2 ¼ 1 bar pH2 ¼ 5 bar pH2 ¼ 5 bar pH2 ¼ 5 bar
T ¼ 25 C T ¼ 70 C T ¼ 25 C T ¼ 70 C
1.2  103 14  103 0.2  103 1.7  103comparing data for autoclave 4U6 at 25 C with those reported in
Ref. [19], where the reduction rate is about ten times faster, mainly
because the temperature is 70 C. The higher hydrogen concen-
tration in data from ref. 19 is not expected to causemuch difference,
as discussed above, while the fuel surface areas are quite similar.
After 424 days the temperature in autoclave 5 U1 was raised to
70 C and the reduction rate of uranium increases and its concen-
tration reaches levels of 6.8 109 M. As seen in Table 1, the two parts
of the leaching in autoclave 5 U1 at 25 and 70 C show clearly an
increase of about eight times in the reduction rate of uranium at the
higher temperature.
All this discussion can be carried only in a qualitative level
because of the complexity of the system under study. Thus gas
sample analysis show (Fig. 13) that there is a substantial leakage
and intrusion of air in the case of autoclave 5U1. The leakage is
larger than for autoclave 4U6 and could at a first sight explain also
why the reduction of U is slower in this case.
Further, by comparing the initial concentrations of uranium in
the two autoclaves used in these experiments, it is clearly seen that
the initial U concentrations are almost one order of magnitude
higher in the 5U1 autoclave, suggesting a more pre-oxidized fuel,
which results in higher releases of U and fission products. This also
may affect the uranium reduction rates.
6. Summary and conclusions
The experimental data presented and discussed in this paper
were collected more than 10 years ago at Studsvik Nuclear, Sweden
and for different reasons their publication was delayed until now.
The autoclaves and the analytical instrumentation was not as good
as it is today, but the tests gave answers to several questions which
were important for the understanding of the hydrogen effect. Thus
it was confirmed that even though Fe(II) has a known beneficial
effect in counteracting the radiolytic oxidants [85], even in its
absence dissolved hydrogen concentrations > 0.8 mM (corre-
sponding to ~1 bar pressure) counteract successfully spent fuel
oxidative dissolution. The choice of the fuel sample, its grain size,
the solution composition and the dissolved hydrogen concentra-
tion were exactly the same as in the flow-through single pass ex-
periments of R€ollin et al. [25]. This made it possible to confirm that
the concentration of hydrogen was sufficient to keep the dissolved
uranium as U(IV) since under static conditions the long term ura-
nium concentrations are in excellent agreement with the published
data for the solubility of UO2(am) [8].
We have discussed also that even though non-oxidative disso-
lution rates of UO2(s) are important tomeasure by assuring that one
works in under-saturated conditions (as done e.g. in the case of
R€ollin et al. [25]), they are completely irrelevant to the calculation
of the fuel dissolution rates in a repository. This is because under
the quasi stationary flow conditions in a damaged canister in the
repository and the very low solubility of UO2(s) under reducing
conditions, the equilibrium concentration of U(IV) is reached rela-
tively fast and then no more net U(IV) is released from the fuel
matrix through this route. Only the oxidative dissolution of the
UO2(s) matrix of the spent fuel needs to be considered for perfor-
mance assessment purposes.
We are not aware of any previous surface analysis of leached
spent nuclear fuel by surface analytical techniques such as XPS. The
extraction of the fuel grains from the autoclave under inert atmo-
sphere was time and resource consuming, but the effort made,
together with the care taken for the transportation were compen-
sated by the results of the analysis, showing a reduced surface and
the practically absent Cs from the leached surface.
In spite of the evident air contamination confirmed by gas mass
analysis of the autoclave atmosphere, concordant results on the
E. Ekeroth et al. / Journal of Nuclear Materials 531 (2020) 15198112releases of redox sensitive radionuclides and fission products such
as Cs, Sr, Mo were obtained, indicating for a very strong reducing
capacity of spent fuel surfaces in solutions containing more than
1 mM dissolved H2.
We have analyzed for the first time in this work the releases of
the noble metals and Mo contained in the epsilon particles of spent
fuel in hydrogen saturated solutions and found them practically
constant during the more than two yearlong tests, with no indi-
cation of any measurable release rate.
Finally, the decrease of the concentrations of uranium and other
redox sensitive radionuclides under our test conditions depends
strongly on the fuel surface area and temperature, while the
hydrogen pressure has not any marked effect, provided it is over a
threshold limit.
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